I. INTRODUCTION

T HE TROPICAL Rainfall Measurement Mission (TRMM)
Microwave Imager (TMI) is a conically scanning microwave radiometer which is mounted on the upper deck of the TRMM satellite, as shown in Fig. 1 , and which provides brightness temperature measurements at five frequencies between 10.65 and 85.5 GHz. TRMM flies in a low-altitude 35
• inclination orbit which precesses on a 47-day cycle relative to the Sun, so that the Sun regularly moves above and below the orbit plane. For thermal control purposes, it is necessary to keep the +Y side of the spacecraft in shadow; thus, the spacecraft executes a 180
• yaw maneuver (a flip of the satellite direction of flight) every two to four weeks when the Sun "beta" angle or the elevation above the orbit plane passes through zero degrees. In this manner, TMI alternately observes the Earth's surface, looking forward and aft, respectively. As will be described later, the solar beta angle and these yaw maneuvers are significant because they alter the Sun illumination on the instrument.
Shortly after the TRMM satellite launch in November 1997, during the initial on-orbit instrument checkout, members of the TRMM science team discovered an anomaly in TMI brightness temperature measurements. After a thorough engineering evaluation, which included near simultaneous cross-calibration with the special sensor microwave imager (SSMI), it was concluded that the TMI brightness temperature measurements exhibited a consistent warm bias in all channels compared to the prelaunch values. An analysis performed by Wentz et al. [1] modeled the degraded observations by assuming a frequency independent radiometric bias, which could be explained by a reflector emissivity of ≈ 4% (reflectivity 96%). This leads to a measured antenna brightness temperature of the form
where T sc is the apparent scene brightness temperature, Γ is the antenna surface power reflectivity (96%), (1 − Γ) is the reflector surface emissivity, and T phy is the reflector surface physical temperature. In the TRMM 1B11 (TMI brightness temperature) data product, a correction is made for this imperfect reflector by inverting this equation and solving for the apparent brightness temperature. Unfortunately, on TMI, the reflector temperature is not measured; therefore, only an estimate of the orbit average (constant) temperature is used for the additive bias correction. Recently, there has been an increased interest in the use of the TMI for intersatellite radiometric calibration. Because TRMM flies in a non-Sun-synchronous orbit, it has frequent near simultaneous collocations with microwave imagers flown on 0196-2892/$26.00 © 2009 IEEE polar (Sun-synchronous) satellites. This provides the opportunity to remove systematic brightness temperature biases between different radiometers, thereby enabling the production of radiometrically consistent multisatellite microwave decadal time series for weather and climate research [2] . This is particularly applicable to the proposed Global Precipitation Measurement (GPM) mission, which will fly a core observatory satellite in a TRMM-like orbit with a GPM Microwave Imager (GMI), to be used as a radiometric cross-calibration transfer standard for the GPM constellation of microwave radiometers.
To this end, the GPM Science Team Inter-Calibration Working Group (ICWG) is performing research, using the TMI as a proxy for the GMI, to develop and compare radiometric cross-calibration techniques for the GPM mission. As part of this activity, we have observed that the relative biases between TMI and WindSat are dependent on the local time of the observation, with approximately 1-2 K difference between morning and evening. We believe that this time-of-day dependent variation in the relative calibration bias can be primarily attributed to changes in the TMI reflector physical temperature over an orbit, due to solar heating over the daylight portion of the orbit and radiation cooling during the Earth eclipse portion. However, we also note that there are other possible sources of time-varying errors which are difficult to separate out.
In the next section, we provide evidence that supports this hypothesis. Furthermore, we present empirical corrections for the TMI instantaneous brightness temperature biases, which are modeled as functions of orbit time and day of year. Finally, in Section III, we show that the proposed TMI brightness temperature corrections effectively remove the time-of-day cycle in the relative radiometric bias.
II. TMI ORBITAL BIAS MODELING
Since WindSat is a sun-synchronous satellite, it has constant local times for ascending and descending observations, and for any given day, the matchups of TMI observations with WindSat provide only two time samples in the orbital cycle of the TMI calibration error. The characterization of TMI orbital radiometric bias using matchups with polar orbiting satellites would therefore require the use of many such satellites with different nodal crossing times. Unfortunately, it is likely that such a group of polar orbiting satellites would have different calibration errors, which would significantly complicate the estimation of the orbital cycle in the TMI bias. Therefore, for this paper, we use an alternative approach of comparing rain-free ocean observations across the TMI swath with the brightness temperature (T b) predictions from radiative transfer modeling for the corresponding ocean scenes. This approach is complementary to the matchup approach and will make it possible to fill in portions of the measurement space not well covered by the matchups.
A. TMI T b Modeling
The TMI observations are averaged into 1
• latitude by longitude boxes, and T b predictions are generated for each such 1
• box using the ICWG radiative transfer model (RTM), which is described later in this section. Assuming that the TMI reflector emissivity is spectrally invariant, the orbital T b bias can be calculated by making comparisons between the measured and modeled T b's for a single TMI channel. We pick the 10-GHz vertically polarized (10V) channel, because it has a small average atmospheric component of brightness temperature (≈10 K) and is therefore primarily sensitive to the ocean surface emission. The emissivity of a calm ocean surface depends on the dielectric constant of seawater and Fresnel reflection coefficients, both of which are well known. In addition, for oceanic wind speeds less than 10 m/s, the effect of surface roughness and foam from breaking ocean waves on the ocean emissivity is well understood and contributes less than 1 K to the vertically polarized T b at the TMI 53
• incidence angle. We have observed that the rain-free ocean scenes in our data set have average wind speeds of about 6 m/s and more than 90% have wind speeds less than 10 m/s that results in low RTM modeling errors in the 10V channel. Furthermore, it is highly unlikely that these modeling errors are correlated with TMI orbit position. Thus, although there may be small absolute offsets in the mean value of the calibration bias (due to errors in estimating the matchup environmental conditions and the RTM modeling), nevertheless, the relative change of this bias with orbit position is estimated very robustly.
Our implementation of the RTM uses a combination of surface models developed by Meissner and Wentz [3] , Elsaesser [4] , Wilheit [5] , Hollinger [6] , and Stogryn [7] for ocean isotropic emissivity (ignoring small wind direction effects), and the Rosenkranz models for water vapor [8] , cloud liquid water [9] , and oxygen [10] and nitrogen [11] absorption in the atmosphere. The environmental inputs to the RTM are obtained from the National Oceanic and Atmospheric Administration Global Data Assimilation System (GDAS) archive [12] , which provides model outputs at 0000, 0600, 1200, and 1800 GMT and on a 100-km grid. These data include the atmospheric profiles of pressure, temperature, and water vapor at 21 levels, as well as columnar cloud liquid water, sea surface temperature, and ocean wind speed at 10-m height. The atmospheric profiles from GDAS are interpolated to the heights of the 100 layers in the RTM, using a piecewise linear distribution for temperature and piecewise exponential distributions for pressure and water vapor. A uniform distribution is used for cloud liquid water, and the heights of the cloud top and bottom are derived from ocean climatology used in the RTM model developed by Wisler and Hollinger [13] . Salinity values are monthly averages from the National Oceanographic Data Center World Ocean Atlas (1998) salinity. These environmental parameters are matched up with the mean TMI T b observations for each 1
• box and are used to calculate the predicted T b for that box.
B. TMI T b Measurements
The TMI 10V T b's for each orbit in the four-year period (in 2004-2007) are extracted from the TMI Level 1C data set [14] and are averaged spatially into 1
• boxes, which typically have 50-100 samples. For quality control purposes, these T b measurements are then filtered to remove outliers, and the standard deviation is computed for all boxes. Since high standard deviations are indicative of nonhomogeneous environmental conditions, including rain contamination, the boxes are removed when standard deviations exceed 2 and 3 K for vertical and horizontal polarizations, respectively. Further editing is applied for all frequencies based on the upper limits of brightness temperatures expected from rain-free ocean observations, and a conservative land mask is also applied to filter out nearby land pixels.
C. TMI Bias Determination Averaged by Orbit Segments
After quality control filtering, the average T b bias, defined as the difference between the measured and modeled T b's within a box, was calculated. The TMI ground swath for each orbit is divided into 5-min segments, as shown in Fig. 2 , where each segment is shaded with a different gray scale. The orbital time of each box is defined as the elapsed time since the start of the ascending pass, which corresponds to the beginning of the Level 1C file. The calculated biases, from all the orbits in a single day that lie within a given 5-min orbit time segment, are combined to form a daily average orbit. Thus, for each 5-min orbit segment, the T b bias estimates are the average of about 200 to 800 1
• boxes for that orbit segment. An analysis of the dependence of the bias on the orbit time was performed to get an understanding of the heating and cooling patterns of the reflector within a TRMM orbit. Fig. 3 shows the orbit bias for June 10, 2006 and October 23, 2005, respectively. The shaded area shows when the TRMM satellite is in darkness, and for clarity of presentation, the x-axis is the relative time beginning with the umbra entry. There is a rapid drop in the observation bias during darkness (> 1.5 K), which coincides with the expected cooling of the reflector, and an increase immediately after it is exposed to sunlight, which coincides with the expected rise in the reflector physical temperature. Moreover, there are seasonal differences, where the maximum bias during sunlight is +0.75 K in June 10 and +1.5 K in October 23. The total range of the bias variation is ≈ 2.5 K, which is similar to the results reported in the initial TMI on-orbit evaluation by Wentz et al. [1] .
D. Variations With Sun Angles
The daily orbital patterns of the bias were observed to change in systematic ways, depending on the TRMM flight orientation and the Sun elevation with respect to the orbit plane, which is commonly called the solar beta angle in spacecraft operations. The annual variation in the beta angle, shown in Fig. 4 , has a 
47-day cycle of ±35
• due to the orbit plane precession relative to the sun direction and an annual cycle of ±23.5
• due to the Earth's spin axis tilt relative to the Sun. TRMM is oriented with either the +X axis forward (0 • yaw for positive beta) or the −X axis forward (180
• yaw for negative beta). The observed bias orbital dependence is manifested differently for orbits with TRMM at the different yaw orientations, • ) that there is a period of approximately 32 min after TRMM exits the Earth's shadow, where the bias remains negative. After performing a 3-D visualization of the Sun vector illumination of TRMM using Satellite Tool Kit [15] , it was determined that this behavior is caused by the shadow cast in this particular sun angle and spacecraft yaw by the TRMM spacecraft structure, which shields the TMI reflector from solar heating (see Fig. 5(b) subpanels A and B) . As time progresses, the sun rises and begins to illuminate the rear of TMI between subpanels B and C, although there is still some shadowing of TMI from the communication antenna dish. The hottest temperatures occur after subpanel D as sunlight shines on the front of the instrument and reflector. Finally, the TRMM passes into eclipse between subpanels F and G, and the cycle repeats. Fig. 6 shows the effects of spacecraft shadowing for positive beta angles (yaw = 0
• ), and Fig. 6(a) subpanel A depicts the time when TRMM exits darkness and the sun illuminates the face of the reflector. The bias monotonically increases until subpanel D, where it plateaus; after subpanel E, the reflector enters into the spacecraft shadow, and the bias sharply decreases even though the TRMM spacecraft is in sunlight. The spacecraft then enters darkness (subpanel G), after which the bias continues to drop until the end of the eclipse period.
Along with the variable bias around each orbit, there is also a change in the mean daily bias that is shown to be associated with the corresponding solar beta angle. The daily mean T b bias and the mean absolute solar beta angle for four years are shown in Fig. 7 (a) and (b) for positive and negative beta angles, respectively. These plots are shown separately since the TRMM spacecraft undergoes a 180
• yaw maneuver at every beta angle zero crossing, which leads to significant differences in the reflector heating and cooling patterns for these two cases, as discussed earlier. These plots demonstrate that the biases exhibit the same cycle as the beta angle. Furthermore, the length of the eclipse in each orbit and the shadowing from the TRMM spacecraft are both dependent on the beta angle. Thus, modeling the bias as a function of beta angle and orbit time after an eclipse is an effective way of calculating the timevarying reflector bias. Fig. 8 shows that the orbital bias patterns are extremely similar for days with similar beta angles, with a residual noise of ≈ 0.2 K.
In general, the average daily temperatures of a spacecraft like TRMM are dependent on solar beta angle. For example, the measured TMI antenna deployment mechanism (ADM) temperature is shown in Fig. 9 as a function of beta angle for one year. Unfortunately, the TMI reflector temperature is not measured, but it is expected to follow a similar pattern, where the coldest days occur near zero beta angle where the eclipse period is longest.
The daily average biases calculated using the four-year observations are shown as a function of solar beta angle in Fig. 10 ; and it is believed that these radiometric biases are driven by the average temperature of the reflector. With an emissivity of 4%, the observed daily average bias variation could be explained by about a 15
• C change in the daily average reflector temperature. Furthermore, the roughly 2-K radiometric bias change on typical orbits corresponds to approximately 50
• C swing in the peak-to-peak reflector temperature. A similar estimate of the orbital reflector temperature variation was reported in Geer [16] . Further research has been initiated to investigate if this temperature variation can be modeled by modifying the detailed thermal models of the TRMM spacecraft, which were developed in the design phase. To assess whether there is any long-term degradation in the TRMM reflector emissivity, the time series of the quarterly mean T b bias, along with the associated solar beta angle, is shown in Fig. 11 for the four-year period. The resulting time series is not monotonic, due to the large variation of the beta angle over this time period. We also examined the dependence of mean bias on beta angles by calculating the averages of daily mean biases of Fig. 10 with respect to the absolute value of the beta angles (10
• bins) for each of the four years, as shown in Fig. 12 . The sensitivity to the beta remains similar for each year shown, and small variations over the years are not statistically significant. This suggests that there are no significant changes in the reflector emissivity or other thermal properties over this four-year period. This conclusion will be confirmed by further analysis over the entire lifetime of the TRMM mission.
The TMI radiometric calibration error caused by the varying reflector temperature (1) 
III. RADIOMETRIC INTERCOMPARISON WITH WINDSAT AND SSMI
The recommended TMI radiometric calibration correction is validated using ≈133 000 spatial/temporal collocations between TMI and WindSat and more than 400 000 collocations between TMI and SSMI on the Defense Meteorological Satellite Program F13 and F14 satellites. The matchups are gener- ated with a maximum temporal tolerance of ±1 h between the satellite measurements and spatial quantization of 1
• . The intercomparison of TMI and WindSat T b's requires a normalization to compensate for the incidence angle and center frequency differences between these two radiometers. This is performed using the RTM predictions as follows:
where T b_SS norm is the Sun-synchronous (WindSat or SSMI) T b normalized to the TMI incidence angle and center frequency, T b_SS obs is the Sun-synchronous observed T b, T b_T MI pred is the RTM T b prediction at the TMI frequency and incidence angle, T b_SS pred is the RTM T b prediction at the Sun-synchronous frequency and incidence angle, T b_dif f is the normalized T b difference between TMI and the Sun-synchronous instrument, and T b_T MI obs is the TMI observed T b. These normalized T b differences are computed using both the corrected and uncorrected TMI values that are separated by time of day. The matchups corresponding to both WindSat and SSMI ascending passes occur around 6:30 P.M. (local solar time), while the corresponding descending passes occur about 6:30 A.M. In order to verify that the TMI time-dependent bias is spectrally invariant, the TMI 37V channels are compared with the corresponding WindSat and SSMI channels after implementing the recommended correction that was derived from the 10V channel. Fig. 13 shows the monthly averages of the 37V channel difference for uncorrected TMI T b's with the normalized WindSat and SSMI 37V T b's, separated by the time of day into evening and morning. The differences between the mean values of these uncorrected TMI biases in the evening and morning are about 1.5 K for both WindSat and SSMI. Fig. 14 shows the corresponding radiometric biases for the corrected TMI T b's. After the correction, this time-of-day dependence of the relative TMI/WindSat calibration reduces to less than 0.3 K, which is a strong indication that the empirically derived correction effectively cancels the variable TMI radiometric calibration bias. The standard deviations of the monthly biases are ≈ 1 K both before and after the correction. Similar results are observed for the 10-and 19-GHz vertically polarized channels and the horizontal polarizations at all frequencies. Further details may be found in Gopalan [17] .
IV. CONCLUSION
In this paper, we have investigated the cause of an apparent time-varying radiometric calibration error for the TMI. Furthermore, we have developed and tested an effective procedure to correct the observed cyclic pattern of the estimated T b bias caused by an apparent emissive antenna main reflector. Results are presented, which demonstrate that the recommended T b correction removes the time-of-day dependence of the relative radiometric calibration between TMI and both WindSat and SSMI for all channels (frequencies and polarizations). Since the TMI reflector physical temperature is not measured, we have developed an empirical correction using TMI measured and radiative transfer theory modeled brightness temperatures in 1
• latitude by longitude boxes, which accounts for orbit time on a daily basis. The long-term stability of the estimated bias was also verified by analyzing the variation of the estimated bias over a four-year period. A physical basis for the estimated bias was also provided by showing strong correlation of the mean daily biases with the solar beta angle. This correction will be applied to version 7 of the TRMM 1B11 data product that is scheduled to be released in 2010. The correction will be applied in the form of a lookup table based on Sun beta angle and orbit time after eclipse. Further analysis and verification of the bias estimation algorithm over the TRMM lifetime will be completed in the near future.
